Most rosaceous fruit tree species exhibit gametophytic self-incompatibility (GSI). During the last decade, much progress has been made in identifying and characterizing the S-locus genes that control the specificity of the selfincompatible (SI) reaction in the Rosaceae. The pistil and pollen determinants of S-specificity in the Rosaceae are a ribonuclease and an F-box protein, respectively. From allele-specific sequence polymorphism of S-specificity genes, molecular S-genotyping systems have been established in various rosaceous fruit tree species. Molecular characterization of S-determinants in self-compatible (SC) cultivars has revealed defects in the S-determinants that cause SC and enabled the development of molecular markers for SC. Marker-assisted selection of SC offspring is now being successfully incorporated into breeding programs. In this paper, we summarize the current knowledge of the molecular basis of self-(in)compatibility, S-genotyping methods, and molecular markers for SC in rosaceous fruit tree species.
Introduction
Self-incompatible (SI) systems are genetically controlled pollen-pistil recognition mechanisms that allow the rejection of self-pollen and pollen from close relatives (de Nettancourt, 1977 (de Nettancourt, , 2001 . SI can be classified into homomorphic and heteromorphic types based on whether it is associated with floral polymorphism. In homomorphic SI, self-/nonself-recognition in most species is controlled by a single multiallelic locus, the S-locus. SI reactions occur when the same "S-allele" specificity is expressed in both the pollen and pistil. Homomorphic SI is further classified into gametophytic and sporophytic types based on the genetic control of pollen behavior. During the last two decades, the molecules involved in gametophytic self-incompatibility (GSI) recognition have been identified in several plant species. It is now known that two separate genes at the S-locus control male and female specificities. Thus the term "Shaplotype" is used to describe variants of the S-locus, whereas the term "allele" is used to describe the variants of given S-locus genes, pistil-S and pollen-S. However, as pistil-S and pollen-S are very tightly linked and either pistil-S or pollen-S could usually represent their Shaplotype, the term S-allele is often used in the horticultural literature in place of S-haplotype, even when S-haplotype is the scientifically correct term. Therefore, in this review, we often use "S-allele" rather than "S-haplotype" to describe variants of the S-locus as well as variants of S-locus genes. Furthermore, we often use "S-genotype" rather than "S-haplotype combination" to describe the combination of a pair of S-haplotypes located in a homologous chromosome in a given individual; however, we use "S-haplotype" to describe a mutated S-locus, following common usage in the horticultural literature.
Most rosaceous fruit tree species exhibit GSI (Table 1 ). In this type of SI, growth of a pollen tube bearing either one of the two S-alleles carried by the recipient pistil is arrested in the style (de Nettancourt, 1977) . During the last decade, much progress has been made in identifying and characterizing the S-locus genes that control the specificity of SI interaction in the Rosaceae. The pistil-S determinants were ribonuclease (S-RNase), as is the case in the Solanaceae, which also exhibit GSI (Fig. 1A) . Extensive efforts to identify the pollen-S determinant culminated in the recent discovery of what has been termed the S hapolotype-specific Fbox gene (SFB) (Ushijima et al., 2003; Yamane et al., 2003b) , or the S-locus F-box gene (SLF) (Entani et al., 2003) , in Prunus (subfamily Prunoideae of the Rosaceae) 138 (Fig. 1A) . Although Prunus pollen-S has been referred to by two different terms, we use "SFB" in this review because it distinguishes the Prunus system from the solanaceous pollen determinant SLF and because most recent studies have used "SFB."
In commercial orchards of GSI fruit species, crosscompatible cultivars that belong to different pollenincompatibility groups and flower simultaneously must be interplanted to ensure fruit set; therefore, knowledge of the S-genotypes of cultivars is essential for good crop production and efficient breeding. S-genotype information is especially important for fruit production in Prunus species because they are unable to bear fruit parthenocarpically and require successful fertilization for fruit set.
Controlled pollination and pollen tube growth tests have long been used to determine S-genotypes and pollen-incompatibility groups; however, these methods can be influenced by environmental and cultural conditions, giving ambiguous results. Furthermore, these conventional S-genotyping methods are time-consuming because they require several years after the tree reaches flowering age. Since the discovery of GSI determinants in the Rosaceae, biochemical and molecular Sgenotyping systems have been developed based on the protein structure and DNA sequence polymorphism, respectively. These S-genotyping systems are simple and enable S-genotypes to be determined quickly and correctly regardless of the environmental conditions. Furthermore, molecular S-genotyping methods are especially useful because the methods can be applied at any time of year, or age of plant.
The development of molecular markers for Sgenotypes has led to marker-assisted selection (MAS) of self-compatible (SC) individuals. In GSI species, SC cultivars have a horticultural advantage because no crosspollination is required. Consequently, a major breeding goal for GSI species is to produce SC cultivars. Several SC cultivars have been identified in GSI species of Rosaceae, including Japanese pear, Japanese apricot, and sweet cherry. Molecular and genetic studies have revealed that the SC in these species is mostly caused by mutations in S-locus genes. Based on the nature of the mutations, molecular markers for SC have been developed and successfully used to select SC in breeding programs.
In this review, we first summarize the molecular mechanism of GSI in rosaceous fruit tree species with special reference to the differential features of GSI found between subfamilies Maloideae (apple and pear) and Prunoideae (Prunus spp.). We then focus on recent progress in S-genotyping studies of rosaceous fruit species, including the discovery of S-determinants, establishment of a molecular S-genotyping system, and development of the S-allele nomenclature and molecular markers for SC based on the nature of mutations in the S-locus. Because the history and background of Sgenotyping studies depend on the crop, we reviewed Sgenotyping by taxonomic units such as subfamily, subgenus, and genus. We attempted to incorporate all published information about S-alleles, S-genotypes, and S-haplotypes available as of July 1, 2008, although new information dealing with SI in the Rosaceae is published on an ongoing basis. Table 1 . Rosaceous fruit tree species and their self-incompatibility (SI) or self-compatibility (SC) status.
z Some SI cultivars reported.
Pistil-S and pollen-S determinants in the subfamilies Maloideae and Prunoideae of the Rosaceae
The families Rosaceae, Solanaceae, and Plantaginaceae all share the same enzyme, a ribonuclease called "S-RNase," as the pistil-S for GSI. In fruit tree species of Rosaceae, S-RNases were first identified in Japanese pear (Pyrus pyrifolia Nakai, synonymous with Pyrus serotina Rehder) (Sassa et al., 1992) . This enabled the identification and cloning of S-RNases in the subfamily Maloideae Sassa et al., 1996) . S-RNases in the subfamily Prunoideae (Prunus spp.) remained unidentified for several years after the cloning of maloid S-RNase, probably because the polymerase chain reaction (PCR) cloning approach for Prunus S-RNases was hindered by the relatively low DNA sequence identity between maloid and Prunus S-RNases and the presence of other pistil RNases unrelated to SI (Yamane et al., 2003c) . The first clue to the cloning of Prunus S-RNases was obtained when N-terminal sequences of almond (P. dulcis (Mill.) D.A. Webb.) S-RNase was reported (Tao et al., 1997) . On the basis of the N-terminal amino acid sequence, sweet cherry (P. avium (L.) L.) and almond (Ushijima et al., 1998 ) S-RNases have been cloned. To date, over 100 rosaceous S-RNase alleles have been deposited in GenBank.
Rosaceous S-RNases share five conserved regions, C1, C2, C3, RC4, and C5, and two catalytic domains Fig. 1 . The working model of SI response in S-RNase-based GSI. The S-locus consists of two genes, S-RNase and SLF/SFB (A). The F-box motif found in pollen-S is a well-known motif for mediating interactions with other proteins that make up an enzyme complex referred to as the SCF complex (B). The SCF complex acts to ubiquitinate the target proteins. Polyubiquitinated proteins are subsequently degraded by the 26S proteasome (B). In the postulated working model of GSI in the Solanaceae, the target of SLF-containing SCF is thought to be non-self S-RNases (C); however, because this model cannot explain Prunus SI where complete deletion of SFB confers SC, another model, such as a general inhibitor model, is assumed.
that were also found in fungal T 2 -type ribonucleases; however, amino acid sequence identities between SRNases from different subfamilies are as low as 30%.
There is a single hypervariable region (Ushijima et al., 1998) , which may form the interacting domain for GSI biochemical reactions (Matsuura et al., 2001) . The function of S-RNase has been studied genetically and biochemically. Down-regulation of S-RNase expression by the antisense technique showed the essential role of S-RNase in the GSI reaction in apple (Broothaerts et al., 2004) . The crystal structure of pear S-RNase revealed a folding topology that is typically found in RNase T 2 family enzymes (Matsuura et al., 2001) . Although the biochemical function of rosaceous S-RNase is unknown, a series of immunochemical and radioactive tracer experiments with solanaceous S-RNase indicated that SRNase could function as a cytotoxin to degrade pollen RNA in an incompatible reaction. The pollen-S determinant was a long-standing puzzle of the S-RNase-based GSI found in the Rosaceae, Solanaceae, and Plantaginaceae. The subcentromeric localization of the solanaceous S-locus had long prevented chromosome walking, while the Prunus Slocus is located at the end of linkage group 6 (Dirlewanger et al., 2004) . Two different groups in Japan successfully "walked" over the S-locus region of Prunus starting from S-RNase (Entani et al., 2003; Ushijima et al., 2003) . Genomic analysis of the S-locus of almond and Japanese apricot revealed SFB as a very good candidate gene for pollen-S (Entani et al., 2003; Ushijima et al., 2003) . In addition to these studies, Yamane et al. (2003b) found SFB during their attempt to compare the same S-RNase in SC and SI species of cherries. The features of SFB, such as the S-allele-specific sequence polymorphism, the pollen-specific expression, and the tight linkage to S-RNase, all supported the idea that SFB is the male determinant of GSI in Prunus. In addition to these features, more recent studies have found that many SC S-haplotypes encode mutated SFB, which provides evidence that SFB is the pollen-S in Prunus (Hauck et al., 2006a; Sonneveld et al., 2005; Tsukamoto et al., 2006; Ushijima et al., 2004; Vilanova et al., 2006) . Aligning the deduced amino acid sequences of Prunus SFBs revealed the presence of two variable (Va and Vb) and two hypervariable (HVa and HVb) regions, which could play important roles in SI/SC recognition (Ikeda et al., 2004a; Ushijima et al., 2003) . Later, multiple Fbox genes, called SFB brothers (SFBBs), were also found as candidate genes for pollen-S in Maloideae . Although it is still unclear whether SFBB is maloid pollen-S, it is quite possible that one, some, or all SFBBs could be the maloid pollen-S, since F-box genes also appeared to be the pollen-S of Solanaceae and Plantaginaceae, both of which show S-RNase-based GSI.
Despite the identification of both pistil-S and pollen-S determinants, how they interact and specifically inhibit self-pollen tube growth has remained unclear. Although the recognition mechanisms must still be clarified, they can be inferred from the nature of the molecules involved in the GSI reaction. The F-box motif found in pollen-S is well known for mediating interactions with other proteins that make up an enzyme complex referred to as the E3 ubiquitin ligase complex (Fig. 1B) . E3 ubiquitin ligases act in conjunction with E2 enzymes to ubiquitinate target proteins. Since polyubiquitinated proteins are subsequently degraded by the 26S proteasome, the target of the E3-containing pollen-S is thought to be non-self S-RNases (Fig. 1C) . Although the involvement of solanaceous and plantaginaceous pollen-S has been shown in the 26S proteasome degradation pathway to degrade S-RNase (Hua and Kao, 2006; Qiao et al., 2004) , no report to date has described such an indication in the Rosaceae. Table 2 summarizes the accumulated features of pistil-S and pollen-S determinants of Prunus, Maloideae, and Solanaceae. Comparisons of SI reaction features, pollen-S, and pistil-S of Prunus, Maloideae, and Solanaceae revealed possible unique features of the SI reaction in Prunus. Currently, the working model (Fig. 1C ) compatible with the so-called inhibitor model has been postulated in Solanaceae. Although this model could explain the maloid SI reaction, it cannot explain Prunus SI, in which complete deletion of SFB confers SC (Sonneveld et al., 2005) . To explain the Prunus SI reaction mechanism, we must assume that another molecule is involved, such as a general inhibitor. Thus, although both pollen-S and pistil-S determinants have been identified, further biochemical and molecular studies are required to clarify how S-allele-specific pollen tube growth is inhibited in an S-allele-specific manner in the Rosaceae. Kobel et al. (1939) investigated pollen tube growth after various crosses and determined compatibility among the cultivars. They assigned S-alleles to approximately 20 cultivars and labeled these alleles from S 1 to S
11
. On the other hand, most Japanese researchers have assigned an alphabetical code to S-alleles, such as S a or S Ja , rather than a numerical code. In early Sgenotyping studies of apple, both numerical and alphabetical nomenclatures were used, leading to discrepancies and double annotations in S-allele assignment. Broothaerts et al. (1995) and Sassa et al. (1996) isolated cDNAs encoding S-RNases in apple. Based on S-RNase nucleotide sequence information, a molecular diagnostic technique for identifying S-alleles was developed (Sakurai et al., 1997) . Following sequence identification of several S-RNase alleles, the use of allelespecific primers combined with an allele-specific restriction enzyme to discriminate each S-allele was employed to assign S-alleles. Using this technique, a number of researchers have unified double-annotated Salleles and identified new S-RNase alleles (Broothaerts, 2003; Matsumoto, 2002a, 2002b; Matsumoto and Kitahara, 2000; Matsumoto et al., 2003; van Nerum et al., 2001) . Table 3 , and S Jf were temporarily assigned by Komori et al. (1998a Komori et al. ( , 1998b Komori et al. ( , 2000 ; S 19 was temporarily assigned to 'Bohnapfel'; S e synonymous with S 7 was temporarily assigned to 'Jonathan' and 'Hokuto'; S 25 synonymous with S 10 was temporarily assigned to 'Telamon'; S 25 synonymous with S 16b was temporarily assigned to 'Merlijn'; S 10b was temporarily assigned to 'Granny Smith'; and S e synonymous with S 28 was temporarily assigned to 'Delicious'.
S-RNase alleles z Synonymous S-RNase alleles y
Reference cultivars Accession numbers were also cloned very recently, suggesting that more undiscovered S-alleles might exist in the apple population. The number of Salleles in apple may increase substantially in the future.
Identification of cross-incompatibility groups and assignment of apple cultivars to the groups have been established by S-RNase-specific cleaved amplified polymorphism sequence (CAPS) tests (Broothaerts, 2003; Matsumoto et al., 1999) or cross-pollination tests (Komori et al., 1998a (Komori et al., , 1998b (Komori et al., , 2000 . Table 4 summarizes the S-RNase alleles of the main apple cultivars in Japan. , have been extensively used as parents in breeding programs in Japan. The crossincompatibility groups created by these five S-alleles are assigned by S-genotyping, CAPS or cross-pollination tests (Table 4) (Komori et al., 1998a (Komori et al., , 1998b (Komori et al., , 2000 .
Information on the S-RNase alleles and crossincompatibility group can be used to improve crosspollination during controlled hybridization for breeding. In practice, even cultivars that differ by one of their two S-alleles (often referred to as semi-compatible) appear to be insufficient for good fruit production under suboptimal pollination conditions (Schneider et al., 2005) .
2) SC in apple
Two SC cultivars, 'Megumi' and 'Hirodai Ichigo,' have been characterized in apple. S-genotyping and sequence analyses have revealed that 'Megumi' possesses S 2 -and S
9
-alleles with no apparent mutation in the S-RNase sequences (Matsumoto et al., 1999) . Furthermore, both S 2 -RNase and S 9 -RNase appear to be biochemically normal . Reciprocal cross-incompatibility of 'Megumi' with SI 'Kinsei' (S -alleles are functional in both the pollen and pistil (Matsumoto et al., 1999) . 'Hirodai Ichigo' was also reported to have . SC in 'Megumi' and 'Hirodai Ichigo' appeared to be controlled by factors other than those residing in the Slocus, possibly a modifier gene such as HT-B in Nicotiana (McClure et al., 1999) . SC S-alleles have yet to be identified in apple. Kikuchi (1929) first reported that Japanese pear exhibits GSI, which is controlled by a single locus with multiple alleles. Kikuchi (1929) also found paterclinal incompatibility in Japanese pear. A classic crosspollination study by Terami et al. (1946) revealed the presence of seven S-alleles (S 1 to S 7 ) in 23 cultivars. Sgenotypes of some major cultivars have been determined by cross-pollination tests (Table 5) .
Pears 1) Identification of S-RNase alleles in Japanese pear
In Japanese pear, S-allele-associated stylar glycoproteins with RNase activity (S-RNases) have been identified by protein analysis (Sassa et al., 1992 (Sassa et al., , 1993 . 
H. Yamane and R. Tao   144 The observed segregation of protein bands of S-RNases was used to S-genotype some cultivars (Hiratsuka et al., 1998 ) were determined. Based on the DNA sequences, a CAPS system for identifying S-genotypes using primers designed from conserved regions and allelespecific restriction endonucleases was established (Ishimizu et al., 1999) . This method has been applied to identify S-genotypes of Japanese pear cultivars (Table 5 ) (Castillo et al., 2001; Ishimizu et al., 1998 Ishimizu et al., , 1999 . Classification of cross-incompatibility groups and confirmation of the S-genotypes of several cultivars by the CAPS system led to the discovery of the S 8 and S 9 S-RNase alleles (Castillo et al., 2002 , Sawamura et al., 2002 . Takasaki and S k , were identified in 'Chengsilri,' cultivated in Korea, and 'Kinchaku,' respectively (Kim et al., 2006 (Kim et al., , 2007 .
2) Identification of S-RNase alleles in European pear
Most European pear (Pyrus communis L.) cultivars exhibit SI, while some could be self-fruiting depending on environmental factors (Crane and Lewis, 1942) . Early cross-compatibility tests (Crane and Lewis, 1942) suggested that cross-incompatibility is rarely observed in European pear. Furthermore, the parthenocarpic nature of this fruit tree species masks the GSI (Moriya et al., 2005) ; however, more recent pollination tests have shown that cross-incompatibility exists among some cultivars (Sanzol and Herrero, 2002) .
As is the case with other Pyrus species, such as Japanese pear, stylar products of GSI have been identified as S-RNases by biochemical study (Tomimoto et al., 1996) . Using PCR with a set of primers designed based on the conserved regions of S-RNases of apple and Japanese pear, six S-RNase alleles (S (Table 6) .
3) SC mutants in pears
In Japanese pear, a naturally occurring SC mutant cultivar, 'Osa-nijisseiki,' was found as a bud-sport mutant of an SI cultivar, 'Nijisseiki.' Crossing experiments revealed 'Osa-Nijisseiki' to be a cultivar in which only the pistil-S of 'Nijisseiki' is dysfunctional (Sato et al., 1988) . The S-genotype of this SC mutant was referred to as S 2 S 4sm (sm denotes stylar-part mutant). Molecular analysis suggested that the mutation of 'OsaNijisseiki' was due to a failure of S 4 -RNase expression in the style caused by deletion of a 236-kb region around the S 4 -RNase (Okada et al., 2008; Sassa et al., 1993) . Sassa et al. (1997) 
Identification of pollen-S candidates in Malus and Pyrus
Pollen-S has been considered to be linked to S-RNase. Indeed, chromosome walking starting from S-RNase and subsequent DNA sequence analysis have successfully revealed pollen-S genes in the Rosaceae, Solanaceae, and Plantaginaceae that exhibit S-RNase-based SI. The PCR technique has also been used to isolate the pollen-S gene in cherry (Yamane et al., 2003b) . Similarly, a pollen-S candidate has been identified by sequencing a 317-kb region of the S 9 -locus in apple and PCR with degenerate primers derived from the conserved regions of Prunus pollen-S (Cheng et al., 2006) . Although Cheng et al. (2006) isolated a single Slocus-linked F-box gene from different S-alleles, Sassa et al. (2007) isolated multiple F-box genes (SFBBs) in a genome region that encodes a certain S-haplotype. SFBBs are specifically expressed in pollen, and variable regions of SFBBs are under positive selection. PpSFBBs are classified into three groups: α-, β-, and γ-groups . In a stylar-part mutant S-haplotype of the Japanese pear cultivar, Osa-Nijisseiki, SFBBs from all three groups are retained , although the fourth group of F-box genes, the S4F-box0, is missing in S 4sm of 'Osa-Nijisseiki,' which is located in the 236-kb deleted region of S 4sm (Okada et al., 2008) . Thus all three groups of SFBBs are good candidates for pollen-S in Maloideae, although it is still unclear if only one, some, or all SFBBs determine pollen specificity; alternatively, it is still possible that none of the SFBBs is involved in the determination of pollen specificity. Despite this, on the basis of the S-allele-specific sequence polymorphism of the PpSFBB-γ group, the most conserved SFBB in Japanese pear, a new S-genotyping system has been developed .
Current status of S-genotyping of subfamily
Prunoideae (Prunus spp.) , have been found in the peach germplasm . All three S-haplotypes contain mutated SFB alleles that are thought to be nonfunctional. The S 1 -haplotype, a mutant version of the almond S k -haplotype, encodes a truncated SFB due to a 155-bp insertion, whereas the S 2 -and S 2m -haplotypes, both of which are mutant versions of the Japanese plum S a -haplotype, encode a truncated SFB due to a 5-bp insertion . In addition to the defects in SFB, the S 2m -haplotype contains a mutated S-RNase allele that is not expressed as S-RNase protein in the pistil; thus, all three known peach S-haplotypes are SC S-haplotypes. In addition to , new S-haplotypes are being characterized in peach selections, including ornamental peaches (Watari et al., unpublished data) . 1-2. Almond 1) Identification of S-RNase alleles and crossincompatibility groups of almond: Almond cultivars are largely SI, although SC cultivars exist. SI of almond is controlled by a multi-allelic locus with gametophytic expression. On the basis of pollination studies, many researchers have assigned S-alleles and crossincompatibility groups of almond. Tao et al. (1997) were the first to conduct a molecular study to determine the pistil component for GSI of almond; they then sequenced the N-terminus of almond S-RNases. This was the first sequence information for Prunus S-RNases and opened the door for subsequent cloning of cDNAs for Prunus S-RNases. Ushijima et al. (1998) and Tamura 3) SC cultivars and selections in almond: Grasselly and Olivier (1976) reported that several SC cultivars, such as 'Tuono', 'Filippo Ceo', 'Occhiorosso' and 'Genco', were found among the almond population of the Italian region of Puglia, where P. webbii (Spach) Vierh. grows wild. Thus, most SC almond selections were considered to be derived from interspecific hybridization with SC P. webbii (Socias i Company, 2004) . As a consequence, the SC S f haplotype of 'Tuono' has long been thought to be derived from P. webbii; however, a recent finding of the almond SI S 30 haplotype, a putative wild-type S f haplotype, poses a question about this hypothesis . The origin and molecular basis of SC in S f haplotype are intriguing for future SC breeding programs of almond.
Subgenus Cerasus (cherries) 1) Identification of S-RNase alleles and cross-
incompatibility groups of sweet cherry As in almond, sweet cherry fertilization is controlled by a system of GSI under the genetic control of a multiallelic locus called the S-locus (Crane and Brown, 1937) . From a cross-pollination study, Matthews and Dow (1969) assigned cultivars to 13 incompatibility groups and a Group O, which includes cultivars that are SI but able to pollinate cultivars in all other groups (universal pollen donor). Bošković and Tobutt (1996) reported that RNase zymograms were associated with S-alleles. On the basis of zymograms of stylar proteins, S-alleles of some cultivars were assigned and new S-alleles were detected. Tao et al. (1999) first cloned S-RNase, the pistil-S determinant of sweet cherry. Based on nucleotide sequence information, a molecular typing system for Sgenotypes was developed using two PCR primer sets ( Fig. 2A) . This system took advantage of the different lengths of the two introns conserved among the sweet cherry S-RNases (Fig. 2A) . Using this system, many researchers determined S-genotypes of local cultivars and assigned new S-alleles (Choi et al., 2002; Wiersma et al., 2001; Yamane et al., 2000a Yamane et al., , 2000b . A review of the sweet cherry S-allele literature revealed that potentially similar S-alleles had been assigned different nomenclatures ). To overcome this discrepancy, all research leaders involved in S-genotyping of sweet cherry gathered at the 2001 International Cherry Symposium and determined a unified nomenclature . Table 7 summarizes the S-RNase alleles identified, including new S-alleles identified to date. A sophisticated molecular S-allele typing system based on the DNA sequence was also developed using an automated sequencer (Sonneveld et al., 2006) . Table 8 summarizes the updated list of cross-incompatibility groups. Yamane et al. (2003b) reported a novel gene for a protein with an F-box motif that is present in very close proximity to a gene for S 6 -RNase of sweet and sour cherry cultivars. Apparently, the open reading frame (ORF) encoded an ortholog of PdSFB, a previously discovered gene located in the S-locus region of almond (Ushijima et al., 2003) . The character of PaSFB, an Sallele-specific sequence polymorphism and pollenspecific expression, suggested that PaSFB is a good candidate for the pollen-S determinant of GSI in sweet cherry. In addition to SFB , were cloned and sequenced (Ikeda et al., 2004a) . Six SFB allele-specific primer pairs were designed and successfully used as PCR-based markers for SFB 1 to SFB 6 (Ikeda et al., 2004a) . With the identification of six additional SFB alleles, 12 SFB alleles have been cloned to date ( showed no recombination between S-RNase and SFB (Ikeda et al., 2005) , it may be unnecessary to detect both S-RNase and SFB alleles for S-genotyping.
2) Identification of SFB alleles of cherries

3) SC cultivars and selections in sweet cherry
The SC mutant haplotypes used in sweet cherry breeding programs worldwide were derived from SC selections JI2420 and JI2434, which were produced through X-ray irradiation breeding at the John Innes Institute in the United Kingdom (Lewis and Crowe, 1954) . Although both selections carry pollen-part mutations, the mutated S-alleles are different; JI2420 has mutated S 4 (S
4'
), and JI2434 has mutated S 3 (S
3'
) (Lewis and Crowe, 1954 has been most extensively used in breeding programs worldwide (Table 8) is completely deleted in this haplotype (Sonneveld et al., 2005; Ushijima et al., 2004) . A dCAPS marker that distinguishes between SFB 4 and SFB 4' was developed by taking advantage of a 4-bp deletion in S 4' (Fig. 2B) (Ikeda et al., 2004b) . Other than these two SC S-haplotypes, a new SC S-haplotype, S 5' , was found in the only known naturally occurring SC cultivar, 'Kronio.' The S 5' -haplotype had a premature stop codon upstream of the HVa, resulting in a truncated SFB, just like S 4' (Marchese Table 8 . Twenty-six cross-incompatibility groups and self-compatible (SC) cultivars reported in sweet cherry and their S-genotypes.
z Universal pollen donor. Recently, another type of SC that is not related to Slocus mutation was identified. SC of the Spanish local cultivar 'Cristobalina' was found to have a mutation thought to be present in a pollen-expressed factor that is unlinked to the S-locus (Wünsch and Hormaza, 2004) . This modifier gene is unique in that it appears to be expressed gametophytically in pollen. In the Solanaceae, several modifier loci have been found, all of which are presumed to be expressed sporophytically in the pistil whereas no pollen modifier factor was predicted to exist (Table 2 ). Since this is the first modifier locus found in the Rosaceae, further investigation of the nature of this mutation will provide clues to a possibly unique SI/SC recognition system in Prunus. 4) Identification of S-RNase/SFB alleles of SI and SC tetraploid sour cherry Tetraploid sour cherry (Prunus cerasus L., 2n = 4x = 32) is thought to have resulted from hybridization between sweet cherry and tetraploid ground cherry (P. fruticosa Pall) (Olden and Nybom, 1968) , which is apparently an allotetraploid. Sour cherry cultivars are predominately SC; however, SI cultivars have been found by pollination testing (Lansari and Iezzoni, 1990) .
Cross-incompatible groups or SC S-genotypes
One interesting aspect of GSI is that it commonly breaks down as a result of polyploidy, resulting in SC individuals (Fig. 3) . Chawla et al. (1997) found that the breakdown of SI in tetraploid Lycopersicon peruvianum was conferred only by heteroallelic pollen and not by homoallelic pollen; however, this has not yet been demonstrated in sour cherry. Yamane et al. (2001) first found the presence of SRNases in styles of SI and SC selections. They demonstrated that each sour cherry selection contains one or two novel S-RNase alleles, as well as one or two sweet cherry S-RNase alleles, regardless of SI . Pollen-S determinants, SFBs, were also found to exist in the genome of sour cherry, as in sweet cherry (Yamane et al., 2003b) . S-allele segregation analysis did not show any evidence that heteroallelic sour cherry pollen is SC (Hauck et al., 2002 (Hauck et al., , 2006b , in contrast to tetraploid plants of Solanaceae and Pyrus, in which SC is caused by heteroallelic pollen (Fig. 3) . Further comparisons of the SI and SC selections of sour cherry suggested that the SI selections contained only one nonfunctional S-allele, whereas the SC selections contained two to four nonfunctional S-alleles. This observation led to the development of the "one-allele match model" for sour cherry (Fig. 3) (Hauck et al., 2006b) .
Molecular characterization of S-alleles found in SC sour cherry revealed several mutant versions of S-alleles in sweet cherry (Hauck et al., 2006a; Tsukamoto et al., 2006; Yamane et al., 2003a) . Taking advantage of these mutations, a PCR typing system to distinguish SC or SI in sour cherry cultivars has been developed (Tsukamoto et al., 2008) . The prevalence of non-functional S-alleles in sour cherry (Tsukamoto et al., 2008) contrasts with the findings for sweet cherry, in which only one natural non-functional S-allele has been reported (Marchese et ).
H. Yamane and R. Tao 150 al., 2007; Tsukamoto et al., 2006) . This could either be attributed to an increased mutation rate or reduced selective pressure for functional S-alleles. Increased instability associated with polyploidization, as well as an accelerated rate of evolution (e.g., indels and transpositions) in the duplicated S-allele pair, would have caused a dysfunction in S-alleles. This would have been maintained in the population and finally caused SC in sour cherry. Recently, Huang et al. (2008) suggested that heteroallelic pollen might confer SC in a strain of tetraploid Chinese cherry (P. pseudocerasus Lindl.). Since none of the selections examined to date has exhibited competitive interaction in tetraploid sour cherry, which is a close relative of Chinese cherry, further confirmation of the presence of competitive interaction in Chinese cherry is needed.
Subgenus Prunofora (Japanese apricot, apricot and
Japanese plum) Among the species in this subgenus, Japanese apricot (Prunus mume Sieb. et Zucc.), apricot (P. armeniaca L.), Japanese plum (P. salicina L.), and European plum (P. domestica L.) are commercially important in Japan. The first three species are diploid and mostly SI, whereas European plum is hexaploid and both SI and SC cultivars exist. Probably due to its polyploidy, crossincompatibility groups have never been reported in European plum; therefore, in the following section, the SI of Japanese apricot, apricot, and Japanese plum is reviewed.
3-1. Japanese apricot 1) Identification of S-RNase/SFB alleles of Japanese apricot: Japanese apricot, which originated in southeastern China, exhibits GSI, like other Prunus spp., although both SC and SI cultivars are grown in Japan. Until a recent molecular S-genotyping study, S-genotypes of the cultivars had been unknown. Yaegaki et al. (2001) first determined S-genotypes of the main Japanese apricot cultivars by S-RNase-specific PCR band polymorphisms and assigned seven S-alleles (S 1 to S 7 ). Tao et al. (2002b) cloned the full-length cDNAs for S-RNase alleles of 'Nanko' and showed they had sequence similarity to other Prunus S-RNases. Tao et al. (2000 Tao et al. ( , 2002a Tao et al. ( , 2002b Tao et al. ( , 2003 and Habu et al. (2008) (Table 9) . Yamane et al. (2003d) cloned SFB 1 and SFB 7 from the SI cultivar 'Nanko' using rapid amplification of the cDNA ends (RACE) technique with SFB gene-specific primers (Yamane et al., 2003b) . Entani et al. (2003) demonstrated that SFB 1 of 'Nanko' was tightly linked to S 1 -RNase. Genomic DNA blot analysis using SFB as a probe yielded restriction fragment length polymorphism (RFLP) bands specific to each S-allele of Japanese apricot (Yamane et al., 2003d) ; therefore, assignment of S-alleles to cultivars based on both S-RNase and SFB alleles is now available. 2) SC cultivars and selections of Japanese apricot: SC cultivars of Japanese apricot have a horticultural advantage over SI cultivars because Japanese apricot blooms very early in the spring when pollinating insects are not very active. In cooler areas of Japan, spring temperatures and wind conditions are often very
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and S f appeared to contain similar DNA sequences in the inserted fragment to their respective SFBs .
3-2. Apricot
Most European apricot cultivars are SC, while the majority of Central Asian and Iranian-Caucasian cultivars are SI. Burgos et al. (1997) reported 42 SI cultivars among the 123 main European and American cultivars. As with other Prunus species, S-RNases were associated with GSI of apricot (Burgos et al., 1998 ) and one SC S-allele (S c ) were identified by their stylar ribonuclease zymogram patterns (Burgos et al., 1998) . By combining proteinand DNA-based S-genotyping, nine more S-alleles (S , were characterized by sequencing bacterial artificial chromosome (BAC) clones containing S-RNases (Romero et al., 2004) . In the S-locus region, two genes, S-RNase and F-box genes homologous to SFB of almond and sweet cherry, were found, as is the case with other Prunus species.
Recently, genetic and molecular analyses of two SC cultivars, 'Currot' (S ), were conducted (Vilanova et al., 2006 and SFB f of Japanese apricot (Marchese et al., 2007; Ushijima et al., 2004; ; however, segregation analysis of 'Canino' progeny demonstrated that pollen grains carrying the S 2 -allele were also able to overcome the incompatibility barrier, suggesting that 'Canino' has an additional mutation unlinked to the S-locus. This mutation was similar to that observed in 'Cristobalina' of sweet cherry (Wünsch and Hormaza, 2004) , and both mutations suggested that S-locus-independent pollen general factors are required for GSI in Prunus.
3-3. Japanese plum
Plums appear to have the greatest genetic diversity, and there are five major species, European plum, bullace (P. domestica L. subsp. insititia (L.) C.K. Schneid.), Myrobalan plum (P. cerasifera Ehrh.), Japanese plum, and American plum (P. americana Marchall). Because diploid plums (Japanese plum, Myrobalan plum, and American plum) easily produce interspecific hybrids, the cultivars classified into Japanese plum appeared to have other diploid plum genetic backgrounds. For example, the Japanese plum 'Santa Rosa' was bred in the US by crossing a Japanese plum with an American plum. Thus, it is quite possible that S-alleles identified in Japanese plum occur not only in Japanese plum but also in other diploid plums.
Most commercial cultivars of Japanese plum are GSI (Mori, 1937) , as are other Prunus spp., although both SC and SI cultivars are grown in Japan. S-RNases were first identified in the style of the SI cultivar 'Sordum' (S a S b ), and cDNAs of the S-RNases were cloned . The diversity of S-RNase alleles was investigated by S-RNase-specific PCR analysis using the Prunus S-RNase consensus primers, Pru-C2 and Pru-C4R ( Fig. 2A) (Beppu et al., 2002 (Beppu et al., 2003) . Although both numerical and alphabetical nomenclatures have been used, all five numerically named S-alleles (S 1 to S 5 ) correspond with the alphabetical nomenclature (Table 10 ). To date, seven cross-incompatibility groups (I to VII) have been determined (Table 10) .
Recent studies have identified pollen F-box genes homologous to SFBs of other Prunus species Watari et al., 2007; Zhang et al., 2007) . Molecular S-genotyping using SFB polymorphism was also developed recently (Kitashiba et al., 2008) . Beppu et al. (2003 Beppu et al. ( , 2005 found that the SC cultivars 'Santa Rosa,' 'Late Santa Rosa,' 'Beauty,' and 'Rio' shared a common S-allele, S e . Investigation of the genome organization of the S e -haplotype revealed no apparent defect in the DNA sequences of S e -RNase and SFB e , such as insertion/deletion (indel) mutations ; however, a series of expression analyses revealed that the transcripts and proteins of S e -RNase in the pistil were significantly lower than those of the other S-RNases. Thus, SC of the S e -haplotype appeared to be caused by insufficient S e -RNase accumulation in the pistil . Similar mutation was found in the S 6m -haplotype of sour cherry, where the insertion of a Mu-like element upstream of the S-RNase coding sequence led to low transcription of S-RNase (Yamane et al., 2003a) . Future characterization of known SC cultivars that do not have the S e -haplotype, is essential to fully characterize SC in Japanese plum.
Conclusion
S-haplotypes of Rosaceae diverge widely and show sequence polymorphism, which can be used to develop molecular S-genotyping systems. Apple, Japanese pear, and European pear populations contain 27, 12, and 18 different S-haplotypes, respectively. For Prunus, 25, 28, 13, 17, and 14 S-haplotypes have been identified in almond, sweet cherry, Japanese apricot, apricot, and Japanese plum, respectively; however, the number of known S-haplotypes is expected to increase as more cultivars and strains are investigated.
Different approaches to molecular S-genotyping have been taken in Maloideae and Prunus. For molecular Sgenotyping using S-RNase alleles, CAPS marker systems have been developed for Maloideae, whereas PCRs with two different pairs of consensus primers have been extensively used in Prunus (Table 11) (Fig. 2A) ; the different systems reflect the different S-RNase gene structures in Maloideae and Prunus. Prunus S-RNase contains two introns, while there is only a single intron in maloid S-RNase ( Fig. 2A) . Two Prunus S-RNase introns that vary in size depending on the alleles yield enough information to distinguish S-alleles, while a single maloid S-RNase intron provides limited information, and CAPS marker systems must be developed for S-genotyping in Maloideae (Tables 2 and 11 , Fig. 2A) .
With the establishment of a molecular S-typing system, the S-genotype of each cultivar can be determined quickly and easily. Consequently, discrepancies and double annotations have been discovered recently in S-allele assignments in most rosaceous fruit crops, but researchers and breeders have made efforts to revisit the S-allele nomenclature and resolve such discrepancies. A unified S-allele nomenclature is being proposed for several species, with the agreement of various research groups. Recent discoveries of pollen-S determinants in Prunus and molecular characterization of Prunus SC mutants have revealed mutations in pollen-S determinants, which can be used as molecular markers for SC. The molecular markers for SC in Japanese apricot and sweet cherry have been successfully used for marker-assisted selection (MAS) in breeding programs. Recent discoveries of pollen-S candidates in Maloideae species should lead to the development of pollen-S-based molecular markers for S-genotyping in Maloideae. Further understanding of rosaceous GSI should also lead to the artificial control of GSI and efficient breeding of SC cultivars in rosaceous fruit tree species. 
